Abstract Although discovered as a placental protein present abundantly in the circulation of pregnant women, pregnancyassociated plasma protein-A (PAPP-A) is widely expressed in multiple tissues. PAPP-A is a highly specific metalloproteinase binding tightly to glycosaminoglycans present on the surface of cells. By cleaving a subset of insulin-like growth factor binding proteins (IGFBPs), PAPP-A thus functions within tissues as a growth-promoting enzyme, releasing bioactive IGF in close proximity to the IGF receptor. IGFBP-4 is believed to be the principal PAPP-A substrate, and the focus in this review is on PAPP-A enzymatic activity and its role in the PAPP-A-IGFBP-4-IGF axis, which is subject to regulation at several different levels. These include e.g., transcriptional control, competing reactions potentially sequestering IGF from IGFBP-4 and hence antagonizing PAPP-A-mediated IGF activation, and proteolytic inhibition of PAPP-A. The latter may involve the protein stanniocalcin-2 (STC2), recently found to potently inhibit PAPP-A activity by forming a covalent complex with PAPP-A. PAPP-A or complex-bound variants may escape from pathological tissues into the circulation. It is emphasized that the potential use of PAPP-A as a diagnostic or predictive biomarker in nonpregnant individuals requires precise knowledge of analyte identity and assay specificity in addition to an appropriate material for standardization. Finally, PAPP-A may serve as a therapeutic target to indirectly inhibit IGF signaling in tissues where this is driven by increased PAPP-A activity. By taking advantage of the intricate interaction between PAPP-A and IGFBP-4, highly specific and selective inhibition of PAPP-A is possible.
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The first 25 years of PAPP-A -a useful protein of unknown function Human pregnancy-associated plasma protein-A (PAPP-A) was identified 40 years ago as a protein present abundantly in plasma of pregnant women (Lin et al. 1974) . Following its discovery, several biological roles of PAPP-A were proposed, including a function as a proteinase inhibitor, inspired by similarities with α-2-macroglobulin (α 2 M) and pregnancy zone protein (PZP) (Sinosich 1990 ). However, no consensus was established regarding its biological role or subunit organization.
In 1993, it was found that what had previously been referred to as PAPP-A in pregnancy plasma is in fact a heterotetrameric disulfide bound 2:2 complex composed of two 200 kDa PAPP-A subunits and two proMBP subunits, denoted PAPP-A/proMBP (Oxvig et al. 1993) . In SDS-PAGE, proMBP migrates as a smear of 50-90 kDa, only visible by Western blotting. Both types of subunits are heavily glycosylated, in particular proMBP which carries N-and Olinked glycans in addition to a glycosaminoglycan (GAG) moiety (Oxvig et al. 1994a; Oxvig et al. 1994b ). The latter explains why the presence of proMBP had been overlooked in earlier studies. ProMBP (proform of eosinophil major basic protein) is known as the precursor of the 13 kDa MBP, present in the eosinophil leukocyte. During maturation of the eosinophil precursor cells, proMBP is cleaved, and mature cytotoxic MBP is stored in secretory granules (Popken-Harris et al. 1998) . However, there is no evidence to suggest that proMBP of the PAPP-A/proMBP complex undergoes similar proteolytic processing.
One implication of the existence of the PAPP-A/proMBP complex is that preparations of polyclonal antibodies raised by immunization with antigen purified from pregnancy plasma or serum are polyspecific, recognizing both PAPP-A and proMBP (Oxvig et al. 1993 ). In addition, several reports have documented reactivity of commercial polyclonal antibodies towards other plasma proteins, probably typical contaminants of PAPP-A/proMBP preparations. These include haptoglobin (Bueler and Bersinger 1989) , haptoglobin-related protein (Kuhajda et al. 1989) , and pregnancy-specific β1-glycoprotein (SP1) (Bersinger et al. 1995) . Therefore, the use of polyclonal antibodies should generally be avoided, in particular for tissue analysis, and the reactivity of monoclonal antibodies must be verified by documenting subunit specificity (Qin et al. 1997) .
Cloning of cDNA showed that the 1547-residue PAPP-A subunit contains a unique set of protein modules known from several different proteins (Fig. 1a) . At the very N-terminus is a 250-residue laminin G-like module with weak similarity to, for example, the α-chain of laminins, neurexins, and sex hormone-binding globulin (Boldt et al. 2006) . The function of this module is unknown. It is followed by a 350-residue module containing the so-called elongated zinc binding consensus sequence ), a defining feature of the large group of metzincin metalloproteinases, also including the MMPs and the ADAMs (Cerda-Costa and Gomis-Ruth 2014). PAPP-A does not share global similarity with any of the metzincins or other proteins, except for the paralog, PAPP-A2 . Within the metzincins, PAPP-A, PAPP-A2, and ulilysin (an archaeal proteinase of 29 kDa, containing only a proteinase domain (Tallant et al. 2006) ) comprise the pappalysin family. The Cterminal fourth of the PAPP-A subunit harbors five short consensus repeat (SCR) modules, also known as complement control protein (CCP) modules, in addition to the C domain. SCR3 and SCR4 bind glycosaminoglycans (GAGs) and mediate PAPP-A cell surface binding (Laursen et al. 2002b; Weyer et al. 2004) . No function has been assigned to the sequence stretch of >500 residues (M1 and M2, ), located between the proteolytic domain and SCR1. Finally, the PAPP-A subunit contains three Lin12-Notch repeat (LNR) modules, two of which (LNR1-2) are located within the proteolytic domain, and a third (LNR3), located in the C domain. Except for PAPP-A and PAPP-A2, the LNR module is known from the family of Notch receptors, where three modules are located in the extracellular portion, always next to one another .
During human pregnancy, PAPP-A is primarily synthesized in the syncytiotrophoblast, while proMBP is synthesized in extravillous trophoblasts (X cells) (Bonno et al. 1994) . The PAPP-A/proMBP complex forms in the extracellular environment (Glerup et al. 2005) , but while almost all (99 %) of circulating PAPP-A (50 mg/L at term) is present in the form of the PAPP-A/proMBP complex in the second and third trimester, a variable fraction (up to 30 %) of PAPP-A exists as the uncomplexed dimer in the first trimester (Gyrup et al. Fig. 1 Schematic overview of the primary structure of PAPP-A. a The PAPP-A subunit is constituted by 1547 residues, 82 of which are cysteines. Protein modules are indicated with gray bars: The proteolytic domain (PD) of about 350 residues is preceded by a laminin G-like module of unknown function . The PD contains the elongated zinc ion binding consensus sequence and a short sequence element responsible for formation of the Met-turn, both defining features of the metzincin superfamily of metalloproteinases . Curiously, the second of the 22 exons of the PAPP-A gene encodes almost the entire laminin G-like module and approximately half of the PD ). The PD is followed by two ill-defined regions, tentatively designated M1 and M2 based on disulfide structure, and then by five short consensus repeats (SCR1-5), also known as CCP modules . SCR3 and SCR4 bind glycosaminoglycans and are responsible for cell surface binding of PAPP-A (Laursen et al. 2002b ). In addition, note that the PAPP-A subunit contains three Lin12-Notch repeat (LNR) modules shown in red, two of which (LNR1-2) are located within the PD and a third (LNR3) located in the C domain. The LNR modules determine proteolytic specificity of PAPP-A . b PAPP-A exists as a 400 kDa dimer composed of two disulfide linked subunits. This simplified model highlights the antiparallel arrangement of the subunits and the two putative LNR units (blue circles), each formed from LNR1-2 in one subunit and LNR3 in the other (Weyer et al. 2007) 2007). PAPP-A mRNA can be detected in most tissues, but the level of PAPP-A synthesized in the human placenta greatly exceeds levels in any other tissue ). Curiously, although the level of circulating PAPP-A is increased >10.000 fold in human pregnancy (Qin et al. 1997) , this is not the case in pregnant mice, because PAPP-A is not synthesized in the murine placenta (Soe et al. 2002) .
Maternal serum levels of PAPP-A have long been known to be depressed in the first trimester of Down's syndrome pregnancies (Wald et al. 1992) , which is widely used in prenatal diagnosis. Other chromosomal abnormalities and adverse pregnancy outcomes, e.g., intrauterine growth retardation and preeclampsia, are also associated with depressed levels of PAPP-A (Kirkegaard et al. 2010) , as is low weight at birth (Smith et al. 2002) .
Proteolytic activity of PAPP-A
Although predicted from the amino acid sequence to be a metalloproteinase, the proteolytic activity of PAPP-A was demonstrated experimentally only in 1999. PAPP-A was shown to be secreted from fibroblasts and osteoblasts, and to be responsible for the previously observed proteolytic activity towards insulin-like growth factor binding protein (IGFBP)-4 ). PAPP-A was subsequently shown to be the proteinase responsible for cleavage of IGFBP-4 in ovarian follicular fluid , and to be secreted from granulosa cells , vascular smooth muscle cells (Bayes-Genis et al. 2001b) , and endometrial stromal cells . It was later shown that IGFBP-2 (Monget et al. 2003) and IGFBP-5 are also PAPP-A substrates. Importantly, while these IGFBPs are also cleaved by other proteinases, physiological cleavage of IGFBP-4 may be limited to PAPP-A Ning et al. 2008 ). Compared to PAPP-A, PAPP-A2 has currently been much less studied. IGFBP-3 and IGFBP-5 are known substrates of PAPP-A2 , and during human pregnancy, circulating IGFBP-5 undergoes cleavage, for which PAPP-A2 is responsible (Yan et al. 2010) . The specificities of PAPP-A and PAPP-A2 towards the six different IGFBPs are summarized in Table 1. PAPP-A cleaves its three IGFBP substrates at single sites; IGFBP-4 is cleaved at Met-135/Lys-136 located in the linking domain (Laursen et al. 2002a ). In general, cleavage allows dissociation of bound bioactive IGF, as individual N-and Cdomains of IGFBPs have reduced affinity for the IGFs ). The PAPP-A cleavage reaction of IGFBP-4 is quite unusual in several regards:
1. Unlike most protein substrates, none of the residues in close proximity to the cleavage site are important for the proteolytic reaction. Rather, several basic amino acids of IGFBP-4, located up to 16 residues N-terminal to the scissile bond, are important for substrate binding or cleavage (Laursen et al. 2002a ). Accordingly, a synthetic peptide spanning the cleavage site must be longer than 20 amino acids to function as a PAPP-A substrate Laursen et al. 2002a ). 2. Cleavage of IGFBP-4 requires that it binds IGF-I or -II Qin et al. 2000) . PAPP-A activity towards the IGFBP-4/IGF complex has high kinetic efficiency (specificity constant with bound IGF-II:
), while cleavage of IGFBP-4 in the absence of IGF is negligible . This strict IGF dependency is a unique property of PAPP-A and IGFBP-4. In fact, cleavage of IGFBP-5 by PAPP-A is reduced approximately three fold upon IGF binding Laursen et al. 2001) . Curiously, although PAPP-A2 cleavage of IGFBP-3 or IGFBP-5 occurs efficiently in the absence of IGF, the reaction is slightly enhanced by IGF (Gaidamauskas et al. 2013) . 3. The three LNR modules of the PAPP-A subunit each bind a calcium ion and are involved in determination of proteolytic specificity. When calcium binding is disrupted by substitution of single amino acids in either of the LNR modules, activity towards IGFBP-4 is lost completely, while cleavage of IGFBP-5 is unaffected ). In agreement with this, PAPP-A truncated before LNR3 is unable to cleave IGFBP-4, but fully active towards IGFBP-5. However, co-transfection of cells with cDNA encoding this truncated variant and cDNA encoding a proteolytically inactivated variant of PAPP-A, which carries a single amino acid substitution in the active site (Glu-483-Ala), causes activity of the truncated variant towards IGFBP-4 to be restored (Weyer et al. 2007) . This experiment suggests a model in which the subunits of the wild-type PAPP-A dimer are arranged in an antiparallel manner and two putative LNR units are formed in trans (Fig. 1b) . Based on surface plasmon resonance analysis, IGFBP-4 interacts directly with residues of the LNR3 module, thus defining a classical proteinase substrate-binding exosite (Weyer et al. 2007 ). Finally, the unusually long 63-residue sequence stretch between the zinc binding site and the Met-turn contains several acidic residues, which are strictly required for proteolysis of both IGFBP-4 and IGFBP-5 (Gaidamauskas et al. 2013 ). Together, experimental data thus suggests an unusually complex mode of proteinasesubstrate interaction between PAPP-A and IGFBP-4. 4. While all MMPs are inhibited by tissue inhibitors of metalloproteinases (TIMPs) (Nagase et al. 2006) , none of these inhibit PAPP-A or PAPP-A2. Rather, proMBP inhibits PAPP-A by irreversible formation of the 2:2 PAPP-A/proMBP complex Overgaard et al. 2000) . Complex formation involves rearrangement of specific disulfide bonds within and between the PAPP-A and proMBP subunits (Glerup et al. 2005) . ProMBP thus binds via cysteine residues of PAPP-A which are located close to the active site, rendering PAPP-A inactive towards all of its substrates. The linear GAG chain present on Ser-62 of proMBP is not required for formation of the PAPP-A/proMBP complex, but upon complex formation with surface-bound PAPP-A, the proMBP GAG causes detachment of PAPP-A by displacing GAG of cellsurface proteoglycans, which bind PAPP-A via SCR3 and SCR4 (Glerup et al. 2007; Laursen et al. 2002b) . Except for stanniocalcins (STCs), found recently to inhibit PAPP-A activity (cf. below), no other protein is known to modulate pappalysin activity.
Although all known pappalysin substrates are IGFBPs, and no synthetic low-molecular-weight substrates have been identified, other protein substrates may obviously exist. However, the inability of PAPP-A to show any activity in standard gelatinolytic proteinase assays (unpublished findings), suggests that PAPP-A is a highly selective enzyme, unlikely to participate in, for example, extracellular matrix degradation in spite of its relationship with the MMPs. PAPP-A can undergo inactivating autoproteolytic cleavage at a specific site within LNR2, but under physiological conditions, this appears to be limited ).
The role of PAPP-A in the IGF system: proteolytic release of active IGF in close proximity to the IGF1 receptor
The six IGFBPs all bind IGFs with higher affinity than the IGF1 receptor (IGF1R) (Forbes et al. 2012) . Therefore, reduced IGF affinity of the IGFBPs, which may result from limited proteolytic cleavage, will cause increased IGF signaling (Bunn and Fowlkes 2003; Firth and Baxter 2002) . Although this is straightforward to demonstrate in vitro, analysis of such a relationship in vivo is challenging. The focus here is entirely on PAPP-A.
Even though its name indicates a biological function of PAPP-A in the circulation, there is currently no data to suggest that. By means of modules SCR3 and SCR4, the dimeric PAPP-A will bind cell surface molecules displaying GAGs. Cell-surface bound PAPP-A is proteolytically active (Laursen et al. 2002a) , and it is reasonable to assume that in tissues, the majority of PAPP-A is surface bound. Therefore, cleavage of IGFBP-4 occurs in close proximity to the IGF1R, increasing the chance that released IGF will cause receptor stimulation (Laursen et al. 2002a ). This simple model is depicted in Fig. 2 . In vivo, the scenario is complicated by many factors, such as the presence of other IGFBPs that might sequester IGF. In the presence of IGFBP-5, which has a 10-fold higher affinity for the IGFs than IGFBP-4, IGF will only become bound to IGFBP-4 following release from IGFBP-5. Therefore, for IGF to be bound by IGFBP-4 and transported to the cell surface, other mechanisms must operate in the extracellular environment to locally eliminate the IGF binding capacity of any IGFBP-5 present. Many factors thus define the molecular network of proteins that potentially control the pericellular concentration of bioactive IGF ).
PAPP-A knockout mice are proportional dwarfs, reduced 40 % in size (Conover et al. 2004a ), a phenotype which is remarkably similar to the phenotype of IGF-II knockout mice (DeChiara et al. 1990) , and which can be rescued by disruption of IGF-II imprinting (Bale and Conover 2005) . These data provided the first in vivo evidence that PAPP-A is an Fig. 2 The role of PAPP-A and IGFBP-4 in the IGF system. Binding of PAPP-A to proteoglycans on the cell surface (Laursen et al. 2002b ) causes proteolytic cleavage of IGFBP-4 to occur in close proximity of the IGF receptor, increasing the probability that released IGF leads to receptor signaling ). Surface binding is mediated by PAPP-A modules SCR3 and SCR4 (cf. Fig. 1 ). Other IGFBPs which are not PAPP-A substrates may be present. The involved components may come from the same or from neighboring cells. Curiously, this model does not apply to PAPP-A2, which shows no cell surface binding (Laursen et al. 2002b) important component of the IGF system. It was later reported that IGFBP-4 knockout mice are smaller (10-15 %) than wildtype littermates (Ning et al. 2006 ). Although at first this might seem contradictory, it does support the idea that IGFBP-4 has a critical function in the final delivery of IGF to its receptor ) (cf. above). This interpretation is also supported by the earlier finding that systemic administration of IGFBP-4 increases the local bioavailability of IGF in bone (Miyakoshi et al. 2001) , and later by analysis of crosses between PAPP-A null and IGFBP-4 null mice (Ning et al. 2008 ). The authors concluded that IGFBP-4 cleavage is required to activate most, if not all, IGF-II mediated growth-promoting activity.
In agreement with the existence of a PAPP-A→IGFBP-4→IGF axis, a strong anabolic effect of PAPP-A in mice has been demonstrated by transgenic expression in osteoblasts, which caused a marked increase in the rate of bone formation without affecting bone resorption (Qin et al. 2006) . Similarly, targeted overexpression of PAPP-A by using a muscle-specific promoter significantly increased the skeletal muscle weight and muscle fiber area (Rehage et al. 2007 ). In contrast, tissue specific effects of reduced IGF signaling have been reported in the PAPP-A knockout mouse, which shows reduced ovarian function and fertility (Nyegaard et al. 2010) , and resistance to age-dependent thymic involution (Vallejo et al. 2009 ). And finally, like several other genes of the IGF axis (Junnila et al. 2013) , the absence of PAPP-A causes a markedly (35 %) increased lifespan in mice (Conover and Bale 2007) .
Transcriptional regulation of PAPP-A has been studied in vitro and in vivo. Based on available data it can be concluded that PAPP-A is regulated in inflammatory injury responses and tissue remodeling (Conover 2012) . Principally dermal fibroblasts, osteoblasts, coronary artery endothelium and smooth muscle cells have been studied Conover et al. 2004b; Conover et al. 2008; Ortiz et al. 2003; Resch et al. 2004 ). Invariably, tumor necrosis factor (TNF)α and interleukin (IL)-1β promote PAPP-A expression, and IL-4 and transforming growth factor (TGF)β induce PAPP-A expression in osteoblasts. Known inhibitors of PAPP-A transcription include interferon (INF)-γ in fibroblasts and resveratrol in smooth muscle cells. It is interesting that PAPP-A expression is increased in several models of tissue injury. These include a model of healing human skin , models of vascular injury in pigs (Bayes-Genis et al. 2001b ) and mice , and a murine model of skeletal muscle injury (Rehage et al. 2007) .
It should be emphasized that functions of PAPP-A unrelated to IGF signaling are certainly possible. Any hypothetical biological role of PAPP-A outside of the IGF system falls within one of the following three categories: 1) Proteolytic cleavage by PAPP-A of substrates other than IGFBPs to affect e.g., signaling pathways. There is currently no evidence of such substrates, as mentioned above, 2) Activities of PAPP-A which are not dependent on its proteolytic activity. Modulation of the early developmental rate in zebrafish by PAPP-A (Kjaer-Sorensen et al. 2013) was the first reported example of a proteinase-independent function. Similarly, zebrafish PAPP-A2 has recently been reported to promote Notch signaling independently of its proteolytic activity (Kjaer-Sorensen et al. 2014) , or 3) Proteolytic cleavage of the IGFBPs to regulate IGF-independent functions of these proteins. Many different biological activities are ascribed to specific IGFBPs (Baxter 2014 ), but there is currently no example of the involvement of PAPP-A in modulating such activities. However, data indicate that in zebrafish, PAPP-A2 modulates BMP signaling through cleavage of IGFBP-3 (Kjaer-Sorensen et al. 2014 ).
Possible pathophysiological roles and therapeutic targeting of PAPP-A
PAPP-A was first linked to atherosclerosis when abundant expression was demonstrated in unstable human plaques (Bayes-Genis et al. 2001a) . It was later shown that the absence of PAPP-A in mice caused a dramatic reduction in plaque development in an ApoE knockout model of atherosclerosis (Bale et al. 2014; Harrington et al. 2007) . Although a role of PAPP-A as an extracellular matrix degrading enzyme within the plaque is unlikely (cf. above), the exact role of PAPP-A in promoting bioactivity of IGF and the consequences of increased IGF signaling in the vasculature is a matter of debate (Consuegra-Sanchez et al. 2009 ). Diabetic nephropathy is another pathological condition that may develop as a consequence of increased PAPP-A activity. In humans, diabetic nephropathy is associated with an elevated level of glomerular PAPP-A expression, and the absence of PAPP-A in mice confers resistance to the development of pathological hallmarks of diabetic nephropathy (Mader et al. 2013) .
The association and possible involvement of PAPP-A in cancer development and/or growth is increasingly suggested in the literature. It involves several different tissues and includes at least ovarian cancer (Boldt and Conover 2011; Callahan et al. 2003; Kalli et al. 2004; Suzuki et al. 2003; Tanaka et al. 2004 ), renal cancer (Dalgin et al. 2007 ), breast cancer (Loddo et al. 2014; Mansfield et al. 2014; Ryan et al. 2009 ), lung cancer (Bulut et al. 2009; Pan et al. 2012; Salim et al. 2013) , gastric cancer (Nagarajan et al. 2012) , and pleural mesothelioma (Huang et al. 2013 ). As indicated above, earlier reports may be in error because conclusions were drawn following the use of polyspecific PAPP-A antibodies (see e.g., (Kuhajda and Eggleston 1985) and (Kuhajda et al. 1989) ).
It should also be noted that PAPP-A knockout mice show a striking resistance to the development of spontaneous cancer (Conover and Bale 2007; Conover et al. 2010) , although this is possibly explained by the lack of thymic involution and hence a lower degree of decline in immune competence in older knockout mice (Vallejo et al. 2009 ). Mechanistic details of PAPP-A function in tumors are generally lacking, but data suggests that p53 can be involved in oncogenic regulation of PAPP-A transcription (Chander et al. 2011 ). However, regardless of underlying mechanism, altered expression of PAPP-A clearly has the potential to cause dysregulated IGF signaling, which has been linked extensively to human cancer (Pollak 2012; Samani et al. 2007 ).
For these reasons, PAPP-A may comprise a desirable therapeutic target to indirectly inhibit IGF signaling. In cancer therapy, direct inhibition of IGF signaling by IGF1R targeting has been attempted extensively with variable success and several obvious disadvantages because it lacks specificity (Heidegger et al. 2011; Pollak 2012; Yee 2012 ). Targeting of PAPP-A in selected tumors where increased IGF signaling may be driven by locally increased PAPP-A activity could therefore represents an alternative strategy with fewer potential side effects. By targeting the unique substrate binding exosite of PAPP-A, specific and selective inhibition can be obtained in vitro (Mikkelsen et al. 2008) , and in vivo proofof-concept for this strategy has been provided by using a murine xenograft model ). In this model, targeting of PAPP-A reduced tumor growth, but a similar strategy of indirect targeting of IGF signaling may be relevant to control growth selectively of other tissues. These include not only cardiovascular tissues, but also e.g., growth of visceral fat .
Increased circulating levels of PAPP-A in nonpregnant individuals may reflect excessive synthesis in pathological tissue. Since the discovery of PAPP-A in human atherosclerotic plaques and the finding of increased circulating levels in patients with acute coronary syndromes (Bayes-Genis et al. 2001a ), its biomarker potential in cardiovascular disease has been extensively explored (Kalousova et al. 2014; Li et al. 2013) . Similarly, reports of increased circulating levels in cancer patients have also appeared (Bulut et al. 2009 ). Even though commercial immunoassays are typically based on monoclonal antibodies, their specificity is rarely documented. It is important to rule out that a given antibody is not specific for known or unknown proteins, which bind to PAPP-A, and to confirm that the antibody binds to an epitope of PAPP-A, which is not altered upon binding of e.g., proMBP (or other PAPP-A binding proteins, cf. below). Another problem often neglected is the bias introduced when patients have been given heparin, although it directly follows from the finding that PAPP-A binds to the surface of cells and can be detached with GAG, e.g., heparin (Laursen et al. 2002b ). Heparin treatment of cardiovascular patients therefore potentially causes release into the circulation of PAPP-A, resulting in artificially increased levels, which may not be directly associated with changes in the pathological tissue monitored. Finally, the lack of defined standard materials for calibration is also a problem that makes comparison of studies difficult.
Stanniocalcin-2 -a novel member of the IGF system
Recently, the protein stanniocalcin-2 (STC2) was identified as a powerful inhibitor of PAPP-A proteolytic activity . It has been known for several years that STC2 knockout mice are 15 % larger than wild-type littermates (Chang et al. 2008) , and that transgenic overexpression of STC2 causes a reduction in size of up to 45 % (Gagliardi et al. 2005) . However, the mechanism behind these opposite phenotypes has remained obscure until recently, when it was found that STC2 is able to form a covalent complex with Fig. 3 Model showing the effect of stanniocalcin-2 (STC2) on PAPP-Amediated IGF signaling. STC2 binds irreversibly (covalently) to PAPP-A and completely abrogates the ability of PAPP-A to cleave IGFBP-4 . Transgenic overexpression of STC2 (Gagliardi et al. 2005 ) results in mice with the same dwarf phenotype as PAPP-A knockout mice, suggesting that all of PAPP-A is inhibited ). In contrast, knockout of STC2 causes increased growth (Chang et al. 2008) , suggesting that in these mice, all of PAPP-A is active. We hypothesize that normally and under pathological conditions, the level of STC2 has the potential to determine the balance between active and inactive PAPP-A, thus comprising the first molecule of an STC2→ PAPP-A→IGFBP-4→IGF axis PAPP-A, completely abrogating its proteolytic activity towards IGFBP-4. Mouse embryonic fibroblasts (MEFs) normally secrete active PAPP-A, but medium conditioned by MEFs originating from STC2 transgenic mice contains the inhibited PAPP-A-STC2 complex. Furthermore, transgenic mice overexpressing a variant of STC2, in which a single amino acid has been substituted to eliminate its ability to inhibit PAPP-A, grow like wild-type mice . This means that STC2 has the potential to control PAPP-A activity in tissues by changing the balance between active and inhibited PAPP-A: A change in the direction of increased PAPP-A-STC2 complex causes reduced local IGF signaling (Fig. 3) . It should be stressed that neither PAPP-A knockout mice (Conover et al. 2004a) , transgenic STC2 mice (Gagliardi et al. 2005) , or STC2 knockout mice (Chang et al. 2008) show any alterations in circulating IGF-I, emphasizing that STC2, PAPP-A, and IGFBP-4 regulate IGF signaling locally. The operation of such local regulatory mechanism is also highlighted by the earlier finding that liver-specific knockout of IGF-I in mice causes a dramatic reduction (by 75 %) in the concentration of circulating IGF-I, while it has no effect on growth (Sjogren et al. 1999; Yakar et al. 1999) .
STC2 and its only homolog, stanniocalcin-1 (STC1), have been studied extensively, but not previously connected with the IGF system (Yeung et al. 2012) . STC1 was first discovered by purification from the corpuscles of Stannius, present exclusively in teleost fish (Wagner et al. 1986) . It is well established that STC1 regulates plasma Ca 2+ concentration in fish by inhibiting gill uptake of calcium from the environment (Fenwick and So 1974; Wagner and Dimattia 2006) . However, such hypocalcemic function of STC1 is thought to have been lost in mammals, in which the hormone calcitonin functions similarly (Chang et al. 2008) . Rather than being expressed from a single organ, both of the stanniocalcins are widely expressed in mammals and reported to be involved in several different biological processes (see (Yeung et al. 2012) for an overview). In vitro analysis has shown that STC1 also potently inhibits PAPP-A (unpublished). Obviously, further studies are required to reveal to what extent reported STC1/2 functions may result from interaction with PAPP-A. The STCs have the potential to effectively influence PAPP-A activity, but it is still unknown whether other STC functions may be affected by PAPP-A binding.
Finally, it is interesting that multiple articles link either upor down-regulation of the stanniocalcins to human cancer (Chang et al. 2003; Yeung et al. 2012) . No clear picture can be drawn at this time, but it is tempting to hypothesize that PAPP-A and STC1/2 can be part of the same regulatory system in pathological tissues where they are co-expressed. For example, 1) loss of BRCA1 tumor suppressor function in breast cancer causes STC1 expression to become undetectable (Welcsh et al. 2002) , 2) STC1 is down-regulated in cervical cancer tissue, and STC1 knockdown in a cervical cancer derived cells causes increased cell growth and invasiveness, while STC1 overexpression inhibited proliferation and invasion (Guo et al. 2013) , and 3) late relapse of breast cancer correlates strongly with high expression of STC1 and STC2, which therefore act as survival factors (Joensuu et al. 2008 ).
Challenges and directions for the future
Problems waiting to be solved and possibilities to be explored are numerous. The greatest challenge is to clarify further details of how the concentration of bioavailable IGF is determined by molecules of the network surrounding the PAPP-A-IGFBP-4-IGF axis. In particular, this involves delineating the precise mechanisms of autocrine signaling and intercellular communication in many tissues under normal and pathological conditions. As mentioned, IGFBP-5 may prevent IGF from becoming available to IGFBP-4 and hence reduce activation by PAPP-A, or the presence of STC2 may completely block PAPP-A activity.
Second, efforts should be aimed at understanding the normal and pathophysiological role of the STCs in the IGF system. This includes defining STC activities which are unrelated to but may function synergistically with IGF signaling. Third, the use of PAPP-A as a target for therapeutic intervention in, for example, cancer and cardiovascular disease should be explored. Its potential is currently supported by several promising animal models. Fourth, the biomarker potential of PAPP-A and related molecules that may escape into the circulation awaits careful investigation. This should include analysis of antibody specificity, epitope stability and the presence or absence of PAPP-A epitopes in various complexes of PAPP-A. It should also include the development of characterized standard materials for calibration, prepared according to the exact nature of the desired analytes.
Lastly, PAPP-A may be involved in regulatory pathways outside the IGF system, which should always be kept in mind.
